This paper reports on the development of a unified one-equation model for the prediction of transitional and turbulent flows. An eddy viscosity -transport equation for non-turbulent fluctuation growth based on that proposed by Warren and Hassan (Journal of Aircrajl, Vol. 35, No. 5) is combined with the Spalart-Allmaras one-equation model for turbulent fluctuation growth. Blending of the two equations is accomplished through a multidimensional
to guide the modeling of the non-turbulent fluctuation growth process which leads to transition. Thus far, Tollmien-Schlichting, crossflow, and second-mode mechanisms have been implemented into the model, with generally good results having been achieved for a variety of flowfields.
This paper reports on the application of these ideas to one-equation "eddy viscosity transport" turbulence models. Initial attention is focused on the popular Spalart-Allmaras one-equation model ,6 but the procedures as developed should be applicable to other models of this type. An eddy viscosity-transport model for non-turbulent fluctuation growth is proposed through analogy with the work of Warren and Hassan. 1'2 Blending of this formulation with the fully-turbulent Spalart-Allmaras model is achieved through a multidimensional intermittence function based on the work of Dhawan and Narasimha.7 The sections that follow present the unified one-equation transition / turbulence model and describe results that illustrate its effectiveness in simulating a variety of transitional flows.
In the Warren-Hassan

Model Description
transition model, the growth of the non-turbulent fluctuation kinetic energy (k) is modeled by an equation of the following form:
and Q is the magnitude of the vorticity vector. The time scale~~t ( "nt" for "non turbulent") is characteristic of the prevailing transition mechanism. The present work models transition due to both first and second-mode disturbances, thus where the subscripts 1 and 2 refer to first-and second-mode contributions.
For first mode (Tollmein-Schlicting) transition,
In this, WI represents the frequency of the first-mode disturbance having the maximum amplification rate and is correlated as a function of surface distance s by the following:3
Second-mode contributions are modeled as3
and 6(s) is the boundary layer thickness.
In these descriptions, the subscript "e" represents an evaluation at the edge of the boundary layer. To account for compressibility effects, evaluated at a reference temperature T*, defined as3
T* the kinematic viscosity v. in Eq. 5 is
The calculation (or estimation) of edge quantities is a necessary, but somewhat cumbersome aspect of the transition model. The calculations presented later either determine them directly through a searching procedure (flat plate, supersonic cone, and hypersonic flared cone), or estimate them from the surface pressure distribution by assuming isentropic, adiabatic flow in the inviscid regions and zero pressure gradient in the direction normal to the surface (low-speed airfoils). The quantity s is a surface distance measured from the stagnation point. 
This step turns off viscous damping in the regions governed by non-turbulent fluctuations.
All other constants and functions are as described in Ref. [6] , except that the functioñ ,, = C,, ev(-G4(~)2)
is redefined as
I
The additional argument in Eq. 15 is the algebraic solution of Eq. 9, neglecting convective and diffusive terms. This modification helps initiate the turbulent growth process. The "trip" term described in Ref.
[6] is not included.
Transition Onset
Transition onset is specified by monitoring the behavior of the quantity R~=& (16) P throughout a particular boundary layer profile. When the maximum value of RT in a profile first exceeds unity ("first" in the sense of a sweep from the stagnation point aft), transition onset is assumed to occur, and the surface distance from that point to the stagnation point is designated as st. This step is one of the more geometry-dependent aspects of the model but is somewhat better than other onset indicators, such as the point of minimum heat flux or skin friction, for complex configurations.
Ref.
[I] shows that, for 11~criterion gives results nearly equivalent to those obtained using a indicator of transition onset. simpler flowfields, the minimum skin friction
Intermittence Definition
The non-turbulent and turbulent components of Eq. 10 are blended through the intermittence function r. This is composed of two parts, a surface-distance dependent 17N(s) based on the work of Dhawan and Narasimha7 and a multidimensional component component r~(z,y) that serves to restrict the applicable range of the transition model to boundary layers. Theparticular form isgiven as follows:
The Dhawan-Narasimha expression 17Nis defined along the surface of the geometry from the stagnation point:
The boundary layer localization function 17~is defined as follows: 
Results
The unified transition / turbulence model described in earlier sections has been implemented into two -Navier-Stokes codes: a research version of CFL3D,9 a cell-centered finite- In REACTMB, the model is strongly coupled with the main flow weakly-coupled manner, the main flow variables.
equations. Calculations
that account for second-mode disturbances will be specifically noted in the discussion. A baseline convergence criterion of a seven-decade reduction in the residual norm was used for REACTMB, with the cases used in the grid convergence studies converged to even tighter tolerances.
Convergence for CFL3D was assessed by monitoring lift and drag coefficients and predicted transition points, as residual norms tended to oscillate after a period of rapid decrease.
Validation of the new approach is accomplished through simulations of several flows 
It should be noted that the calibration is also sensitive to the freestream value of the transported quantity U. This is chosen as 0.0001v~for all calculations presented herein. The effect of the constant Ct in Eq. 10 on the skin friction predictions for the Schubauer-Klebanoff experiment (TZJ = 0.03) is shown in Figure 1 (CFL3D implementation). All choices predict the correct onset location based on the RT = 1 criterion, as per the calibration, but the shape of the skin friction distribution is best predicted by the optimized value of C~= 0.35.
This value is maintained for all subsequent calculations.
In addition to the 65x97 grid, medium (129x193) and fine (257x385) mesh levels are used to assess the accuracy of the CFL3D solutions. In addition, the Richardson Extrapolation procedure15 is used to obtain more accurate skin friction profiles:
where 1 and 2 denote the fine and medium grid solutions, respectively, and @represents the skin friction. Richardson Extrapolation assumes that the spatial accuracy is second order and that the solutions are in the asymptotic grid convergence regime. Figure 2 presents computed skin friction profiles for the three grid levels along with the Richardson Extrapolation results.
Only the results in the transitional 
where the left equality in Eq. 31 is identically true when Eq. errors from Eq. 30 are presented in Figure 3 for the CFL3D Figure 4 also shows that the predicted transition location and the extent of the transition region display some sensitivity to the mesh size. The normalized errors from Eq. 31 are presented in Figure 5 and show that the fine grid solution is accurate to within 1% in the laminar region and approximately 3% in the turbulent region. Although these errors are small, the fact that the normalized errors do not satisfy Eq. 31 indicates that the assumptions required for the application of Richardson Extrapolation. are not fully valid. Thus, the error estimates presented in Fig. 5 may not be accurate. It is expected that these errors could be further reduced with additional grid refinement and/or grid adaptation. Finally, Figure 6 compares fine grid solutions from the two codes with experimental data for the Tu = 0.03 case. Even with significant grid refinement, the solutions do display some code-and implementation-dependent differences.
The Experimental data suggests that transition on this surface is delayed until the flap cove.
Contour plots of 17(x, y) are shown in Figure 12 for the slat -main-element juncture. As indicated, the transition model with I' = I'(Z, y) is localized to initially laminar boundary layers near the surface of each element. Shear layers are treated in a fully turbulent fashion.
The fourth test case involves transitional, Mach 3.5 flow over a 5 degree half-angle cone and corresponds to a set of experiments conducted by Chen, et al.20 in the NASA Langley Mach 3.5 Pilot Low Disturbance Wind Tunnel. This case has also been studied by Singer, et al.21, Warren, et al.22, and McDaniel, et al.3 , with the two latter efforts using variants of the Warren-Hassan transition model. Figure 13 presents This case was also studied in Ref.
[3] using the Warren-Hassan transition / turbulence model. The predictions are very similar to those obtained earlier using the k -< turbulence model,
indicating that the performance of the Warren-Hassan model in predicting transitional flows is relatively independent of the turbulence model used. Grid refinement studies for selected cases indicate that the prediction of transition onset is relatively insensitive to the grid spacing for the finer meshes but that grid refinement or grid adaptation may be required to obtain grid independence in the prediction of the extent of the transition region.
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